ue to technological progress, neuroendoscopy has become an important tool in our therapeutic armamentarium, and the field of application has broadened. 2, 7, 9, 10, 19, 24, 25, 27, 29 Although neuroendoscopy enables illumination and inspection in different areas of interest without traumatizing brain structures, the field of view is restricted.
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In the present study we intended to improve this restricted field by developing a model to obtain a panoramic view of the lateral ventricle and to increase orientation and safety during neuroendoscopic procedures. We used a technique that is popular in photography and satellite imaging, known as "image mosaicking," to fuse images in a way that would create a 360° panoramic image.
Image mosaics are used infrequently after ophthalmological and urological diagnostic examinations to reevaluate such procedures. Hence, real-time image mosaicking is not part of the diagnostic armamentarium in medical endoscopy. [4] [5] [6] 12, 23, 32, 33 
Methods
Panoramic images were created with RealMosaic software using the Kourogi or Konen logarithmic search (LogSearch [LS]) algorithm. [13] [14] [15] [16] [17] [18] The computer-based Kourogi and LS algorithms are as follows. The Kourogi equation states I (x,y,t) = I (x + Dx, y + Dy, t + Dt), where x and y are the 2D coordinates of a voxel or point, which moves at time t between two image frames by Dx, Dy, and Dt, and I is the intensity. Modification of the equation leads to the calculation of a global compensated motion vector (for more details see Konen et al. 14 and Kourogi et al. 18 ). The logarithmic search equation was based on the well-known logarithmic search algorithm. Konen and Sewergin developed the LS algorithm for image mosaicking. 32 It estimates the parameter of an optical flow field by matching small templates within the frames. It uses the cross-correlation coefficient C L to calculate the similarity between two templates, A and B.
Comparison of two algorithms for the application of real-time image mosaicking in neuroendoscopy
Laboratory investigation

RealMosaic Image Mosaic Software
RealMosaic is written in the computer language Java. The program is based on the ImageJ program (http:// rsbweb.nih.gov/ij/). ImageJ has been developed by the National Institutes of Health (United States) for image processing. The Kourogi algorithm or LS algorithm in different adjustments (4 different template sizes: LS10, LS20, LS30, LS40) could be chosen in the program menu to create image mosaics.
Image Processing
Image mosaics were created from existing endoscopic movies. Forty video sequences were taken from the ventricles of a cadaveric specimen. Additionally, we used 5 different endoscopic experimental variants (Table 1) . For the experiments we used the Camaert-type rigid endoscope (5° optic, 6-mm diameter, Wolf) and Hopkins II rigid endoscope (4-mm diameter, Karl Storz). The image sequences were transferred as single frames to the RealMosaic software and saved on a hard disc. In total, 101 frames were transferred for image processing. The experiments were repeated 10 times for every experimental group. The first image was the reference frame on which the following image was fused. The difference between the frames was cal- culated from Frame 2 to 1, 3 to 2, 4 to 3, and so forth. One hundred values were calculated from 101 frames.
The parameter DiffAVG was the value used to compare the Kourogi and LS algorithms. DiffAVG is the mean value for the differences in the gray scale between all pixels of two images. A low DiffAVG indicates good image correlation and good image fusion quality. In total, we calculated, created, and compared 250 values for DiffAVG, 250 values of the frames per second (fps), and 250 panoramic images. The senior author, an attending neurosurgeon, and the chief resident evaluated the quality of the panoramic image in terms of usefulness as follows: 1, excellent; 2, satisfactory; 3, moderate (less than satisfactory); and 4, useless.
Statistical Analysis
Statistical analysis was performed using Student's ttest. A p value < 0.05 was significant.
Results
Acquisition of Raw Data and Creation of a Panoramic Image
A panoramic image of the experiment "linear endoscope movement without a stand" for the LS40 group is shown in Fig. 1A . The data were calculated using the image mosaicking software after execution of the image mosaicking process. The mean value (± standard deviation) of all DiffAVGs was calculated and used for all statistical analyses and comparisons of image quality. The speed of image fusion was 1.84 fps. The created panoramic image was evaluated as satisfactory.
Evaluation of the Study Groups
The mean values of the DiffAVGs for the image mosaics created with the Kourogi and LS logarithms (4 templates sizes) were compared. Every experiment was repeated 10 times in each group. Table 2 illustrates the mean DiffAVGs of the image mosaics created with the Kourogi or LS algorithms for linear endoscope movement without a stand. Statistical analysis showed a significant difference between the values for Kourogi and LS10, LS20, LS30, and LS40, as well as between LS10 and LS20, LS30, and LS40, and be- tween LS20 and LS30 and LS40 (p < 0.05). There was no statistical difference between LS30 and LS40 (p = 0.336). Figure 2 left shows the speed required for the creation of the image mosaic in every single algorithm in every repetition of the experiment. The difference in the frame rate values between the Kourogi and LS algorithms was statistically significant (p < 0.05) for all experimental groups. Table 3 shows evaluations of the experiments under consideration in terms of the usefulness of the image mosaics. Images created with the LS30 and LS40 algorithms had the best results. 
Linear Endoscope Movement Without a Stand, Wolf Endoscope.
Linear Endoscope Movement With a Stand, Wolf
Endoscope. The mean value of the evaluated DiffAVGs after each of the 10 repeated experiments as well as the statistical analysis is listed in Table 4 . Table 5 shows the differences in the frame rate in every experimental group. Kourogi was the fastest algorithm for creating the image mosaics (p < 0.05). The lowest DiffAVG was for LS30 and LS40. Table 6 shows a summary of the mean values for the image quality evaluations for the different algorithm groups.
The increment in the regression line was 0.13. The correlation coefficient for DiffAVG and image quality value was 0.493 (p < 0.001). Figure 3 illustrates example image mosaics in the different algorithm groups.
Circular Endoscope Movement Without a Stand, Wolf
Endoscope. The mean value of the evaluated DiffAVGs after the 10 repeated experiments in every group as well as the statistical analysis is listed in Table 7 . Kourogi was the fastest algorithm for creating the image mosaics (p < 0.05). The lowest DiffAVG was for LS30 and LS40.
For this experimental group, the Kourogi algorithm could not create useful images. For all the groups, the image quality was below moderate. The regression line between DiffAVG and image quality had an increment of only 0.03 with a correlation coefficient of 0.018 (p = 0.9, not significant). Kourogi  LS10  LS20  LS30  LS40   trial  1  4  3  2  2  2  2  2  4  3  2  2  3  3  2  2  2  3 
Circular Endoscope Movement With a Stand, Wolf
Endoscope. The mean value of the evaluated DiffAVGs after the 10 repeated experiments in every group as well as the statistical analysis is given in Table 8 . Table 9 shows the differences in the frame rate in every experimental group. Once again, Kourogi was the fastest algorithm for the creation of image mosaics (p < 0.05). The lowest DiffAVG was for LS40. The difference in the mean values between the groups was statistically significant (p < 0.05). Table 10 shows the summary of mean values for the image quality evaluations.
For this experimental group, the Kourogi algorithm did not create useful images at all. For the groups LS30 and LS40, the image quality was moderate. The regression line between DiffAVG and image quality had an increment of only 0.03, with a correlation coefficient of 0.074 (p = 0.61, not significant). Figure 5 illustrates example image mosaics in the different algorithm groups.
Linear Movement With a Stand, Storz Endoscope.
All of the experiments above were performed using the Wolf endoscope. To compare results and image quality with another endoscope type, we used the Storz endoscope to create image mosaics. A complete test setup was done with the Storz endoscope.
The mean value of the evaluated DiffAVGs after the 10 repeated experiments in every group as well as the statistical analysis is given in Table 11 . Table 12 shows the differences in the frame rate in every experimental group. The Kourogi algorithm was the fastest algorithm for creating the image mosaics (p < 0.05). The lowest DiffAVG was for LS40. The Kourogi algorithm showed a lower DiffAVG than the LS10. The LS40 had the lowest mean DiffAVG value. The difference in the mean values between the groups was statistically significant, with the exception of LS20 compared with Kourogi (p < 0.05). Table 13 shows a summary of the mean values of the image quality evaluations.
For this experimental group, the Kourogi algorithm as well as all the other algorithms created useful images. For the LS40 group, the image quality was excellent. The regression line between DiffAVG and image quality had an increment of 0.22 with a correlation coefficient of 0.452 (p = 0.001, highly significant). Figure 6 illustrates sample image mosaics in the different algorithm groups. 
Real-Time Simulation
To show the real-time ability of the algorithms in panoramic image creation, a webcam with or without a stand filmed the keypad of a personal computer, and image mosaics were calculated (Table 14 ). The quality of the image mosaics obtained using the Kourogi or LS algorithms in the different adjustments is shown in Fig. 7 .
Discussion
To provide a better operative overview during neuroendoscopic procedures, we created image mosaics and panoramic images of the ventricles by using two computer-based algorithms. The two algorithms were compared to determine which one is most appropriate for the creation of panoramic images.
In the test series "linear movement without a stand," we performed a smooth orienting movement in the ventricle. The LS20, LS30, and LS40 algorithms were superior to Kourogi in the creation of image mosaics. On the other hand, the Kourogi algorithm was the fastest in creating mosaics. The LS30 and LS40 logarithms were not statistically different in image quality, although LS30 had a higher fps rate. Therefore, the optimal adjustment for this movement was the use of LS30.
In the "linear movement with a stand" series of experiments, we used a stand to stabilize the endoscope to decrease fast and uncontrolled movements. In this series the LS algorithm was superior to the Kourogi algorithm. The LS30 reached a mean DiffAVG value of about 0.1 and was lower than that for LS40. However, LS30 provided the highest frame rate and overall was the most accurate algorithm.
Contrary to results in the linear movement trials, results in the circular movement experiments with or without a stand were not satisfactory. The aim of this experiment was to evaluate the feasibility of creating a panoramic image in a circular movement to create a close circle in the image mosaic. The images were determined to be useless. Despite the low quality of the panoramic images, LS30 was proven to be the most accurate algorithm.
In the comparison experiments using the Storz endoscope, LS20, LS30, and LS40 were better adjustments than Kourogi and LS10. The LS40 algorithm had the lowest DiffAVG and was the best method for creating image mosaics.
Image mosaicking is used in electron microscopy in medicine. 1 However, real-time image mosaicking has not been applied until now. Miranda-Luna et al. 23 created panoramic images in endoscopic cystoscopies, but the process of creating a panoramic image lasted 3.78 hours to fuse 170 single images. In a study conducted by Hernández-Mier et al.,
11 the construction time lasted 9.31 minutes for the fusion of 301 single images.
Atasoy et al. 3 described a method of endo-microscopy in which image mosaicking is used in ex vivo microscopy to create a wider overview. In a similar manner, Wu et al. 35 used image mosaicking to reconstruct a panoramic image of the urine tract by fusing laser endo-microscopic images. In the same way, De Palma et al. 8 reconstructed However, all of the mentioned methods used for image mosaicking are not applicable in neuroendoscopy and even less so for intraoperative endoscopic image mosaicking.
There is a study using real-time image mosaicking in colonic endoscopy with satisfactory speed for panoramic image creation. 34 A system similar to the one used in the present study has been applied in bronchoscopy and microendoscopy.
20,31
Problems of Image Mosaicking
Several factors can hinder the creation of image mosaics. One of these factors is the cumulative failure, especially in circular movements. 21 During circular movement, mistakes caused by the paired addition of images are added into the calculation, and the panoramic view fails to create a full-circle panoramic image. Such mistakes are caused by distance differences between the endoscope tip and the surface of the ventricle. The image size and illumination change, compromising the addition and flawless fusion of image pairs and decreasing image quality.
Other factors are related to differences between a cadaveric study and an in vivo situation. Cerebrospinal fluid, rinsing solutions, and particles within the ventricular system can change the illumination of single images with consecutive fusion difficulties of paired images.
Future Perspectives
The RealMosaic software delivered satisfying panoramic images of the ventricular system. The insight provided by such images has the potential to significantly increase the visibility of neuroendoscopy and improve its safety in especially precarious areas of application. The panoramic view would allow the surgeon to react more accurately in critical situations. However, some modifications are needed before this system can find its way into the operating room. In the present study the image signals were transferred analogically and were digitized. During the data transfer, important information was getting lost in image processing. In the future, high-definition imaging could create images of much better quality. 30 Furthermore, the current frame rate is low and not yet useful for application during surgery (Video 1). New multicore processors may improve the frame rate and image processing speed. At this point, we emphasize that our study was experimental and features a preliminary algorithm that needs improvement to allow its use during neuroendoscopic procedures in the future.
Conclusions
To avoid cumulative mistakes, the RealMosaic software could be used in combination with the already existing visual navigation (VN) system. 16 The VN system calibrates endoscopic images automatically in 3D positions based on a robust registration method. Distances between anatomical structures can be measured with this system and saved as 3D images. The saved 3D image data sets could even help to control bleeding in the ventricles when visibility is lost ("red-out"). 28 Every endoscopic image would have its own 3D position, and only images that are adjacent to another 3D image coordinate would be added.
